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ABSTRACT

Bulls, Stephanie, E., MS, University of South Alabama, May 2022. Methods
for assessing cellular phenotypes related to aging and longevity in turtles. Chair of
Committee: Timothy Sherman, Ph.D.
There are many costs associated with increased body size and longevity in
animals, including the accumulation of genotoxic and cytotoxic damage that comes
with having more cells and living longer. Yet, some species have overcome these
barriers and have evolved remarkably large body sizes and long lifespans.
Organisms with these unique phenotypes have come under recent genomic scrutiny
to discover mechanisms of healthy aging and tumor suppression but little
physiological work to validate these mechanisms has been conducted outside of
mammals. Here I propose that reptiles, especially testudines (turtles), would be an
excellent system to investigate the topics of size and longevity. I also show that
reptile cells are amenable to physiological assays used in recent mammalian studies.
Turtle fibroblasts were treated with the cytotoxic compounds tunicamycin,
paraquat, and etoposide to mimic damage cells may occur over time. Then
apoptotic responses were analyzed using Promega’s RealTime-Glo and ApoTox-Glo
assays. Preliminary results indicate that turtle cells, in general, are resistant to
oxidative stress related to aging, while Galápagos giant tortoise cells, specifically,
are sensitive to endoplasmic reticulum stress causing an enhanced apoptotic
response, which may give this species an ability to mitigate the effects of cellular
stress associated with increased body size and longevity.

vii

CHAPTER I

1.1 Introduction

Body size and longevity are fundamental life history traits that vary
tremendously across vertebrates. Maximum body mass in vertebrates ranges from
0.5 g in the red-backed salamander (Plethodon cinereus) [1] to 200,000 kg in the
blue whale (Balaenoptera musculus) [2], while maximum lifespan ranges from 8
weeks in the pygmy goby (Eviota sigillata) [3] to over 400 years in the Greenland
shark (Somniosus microcephalus) [4]. Life history comparisons also show a strong
positive correlation between body size and lifespan across animals, with few
exceptions [5]. There are powerful physiological constraints acting on organisms at
the larger, longer-lived end of this spectrum, particularly the accumulation of
genetic and cellular damage that comes with having more cells and greater cell
turnover [6]. The consequences of such long-term genotoxic and cytotoxic stress
include genome instability, mitochondrial dysfunction, telomere reduction, and
increased cancer risk [7].
A recurring theme in lifespan and aging regulation is the critical role played
by processes that promote cellular protection and maintenance [8], including the
ability of cells to recycle materials, repair damage, and remove waste. Senescent
cells, whose numbers greatly increase with age, exhibit declines in these processes,
and are also associated with pro-inflammatory phenotypes that are linked to
age-related diseases [9, 10]. At the same time, apoptosis, which is the programmed
destruction of unfit or damaged cells, is reduced in older individuals [11]. This
decline in cell performance in combination with a decreased ability to remove poor
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performing cells are central to the aging process [7]. Similarly, cancer can arise from
cumulative genotoxic and cytotoxic stress, and apoptosis also plays a primary role
in cancer resistance by removing potentially cancerous cells [12]. Thus, if
cancer-suppressing mechanisms are similar across species, then larger, longer-lived
organisms should be at greater risk of cancer than smaller, shorter-lived ones [13].
The molecular and cellular mechanisms underlying the evolution of large
bodies and long lifespans have been explored in mammals such as elephants [14, 15],
whales [16], bats [17, 18], and naked mole rats [19, 20], but are less well studied in
other vertebrates. Reptiles are an excellent system in which to study the evolution
of body size and longevity because diverse lineages have repeatedly evolved large
body sizes and long lifespans [21]. Turtles, in particular, have lower rates of
neoplasia than snakes and lizards [22, 23], are especially long-lived, and are “slower
aging” than other reptiles [24]. Most notably, Galápagos giant tortoises
(Chelonoidis niger species complex; hereafter referred to as C. niger ) and Aldabra
giant tortoises (Aldabrachelys gigantea) can live over 150 years (3-5 times longer
than their closest relatives) and weigh over 200 kg (50-100 times heavier than their
closest relatives) [25–27]. Galápagos giant tortoises also appear to have evolved a
suite of cellular traits that may contribute to their longevity, such as a slower rate of
telomere shortening and extended cellular lifespans compared to mammals [28].
Recent genomic analysis also found duplications or modifications in multiple genes
that may contribute to aging, growth, and cancer suppression in Galápagos and
Aldabra giant tortoises [29].
The growing number of genomic studies in this field indicate that there is not
one universal mechanism in nature to combat the stresses that are a consequence of
large bodies and long lifespans. Elephants have duplications of the TP53 tumor
suppression protein gene [14], bowhead whales exhibit enhanced metabolism [16],
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and blind mole rats and naked mole rats convergently evolved two entirely different
mechanisms for long lives [19], demonstrating the variation in evolutionary
strategies among organisms. Discovering these diversities has brought organisms
with unique phenotypes under recent genomic scrutiny. Yet, despite the growing
amount of comparative genomic work being done on size, aging, and cancer
suppression [30–32], there is little physiological testing to validate responsible
mechanisms [33]. Comparative physiological testing is necessary to clarify if species’
genotypic changes are translated into phenotypic differences. Thus, the primary
objective of this project was to help establish methodologies to study the cellular
mechanisms and the relationship between genotypic variation and phenotypic
variation for size and longevity in non-model systems. As most techniques have
been developed for mammals, my work also allowed for the assessment of the
validity of these methods in other organisms.

1.1.1 Study Objective

To accomplish this objective, I had four primary aims:
• The first aim was to establish multiple in vitro cell lines of different testudine
species at the same environmental conditions. The study group consisted of
members with variation in longevity, body size, and life history traits. The
five species included: Galapagos giant tortoise (Chelonoidis niger ), Burmese
star tortoise (Geochelone platynota), desert tortoise (Gopherus agassizii ),
parrot-beaked tortoise (Homopus aerolatus), and the common box turtle
(Terrapene carolina). Reptile cells are often incubated in a range from 23 to
30°C depending on species. Here I chose to maintain the cells at 25°C and
record cell viability at each passage.
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• The second aim was to compare cellular phenotypes between the species using
apoptosis assays as previously used in an investigation on elephant longevity
and body size [14]. Testudine cell lines were challenged with three different
cytotoxic drug treatments that mimic the damage a cell may accumulate over
its lifespan, which could lead to cancer or other by-products of aging. Then
functional characterization of cellular apoptotic response was visualized and
quantified using Promega’s RealTime-Glo™ Annexin V Assay and Promega’s
ApoTox-Glo™ Triplex assay. It is expected that there will be species dependent
variation in responses, especially in differences expressed by the larger,
long-lived species that might point to mechanisms for further investigation.
• The third aim was to identify a transfection protocol for creating modified
testudine cell lines. Future studies will involve knock-out or overproduction of
genes of interest to study the mechanism of action. In order to perform these,
it is necessary to know which transfection techniques work best for the
testudine cell lines. Transfection optimization protocols were performed for
Lipofectamine LTX & Plus (Invitrogen) and jetPrime (Polyplus).
• The final aim was to begin investigating candidate genes for aging and tumor
suppression proposed in a recent paper on giant tortoises [29]. The first
candidate chosen was NEIL1, a gene that is responsible for base excision
repair in response to reactive oxygen species (ROS) damage to DNA [34]. I
used RNA-seq data to supplement the low amount of genomic data available
for turtle species. A bonus of using RNA-seq data is that any duplications
found within the transcriptome could mean that a duplicated gene was being
expressed and thus may confer some phenotypic effect. Since the Quesada
(2019) paper found duplications of NEIL1 in other turtle species’ genomes,

4

this would also verify if the NEIL1 duplication was expressed by all species
carrying a duplication.

1.2 Methods

1.2.1 Study Species

Species included in the study were chosen from available cell lines at the San
Diego Frozen Zoo (C. niger, G. platynota, H. aerolatus, and G. agassizii ) and one
commercially available turtle line (T. carolina). They represent a range of body
sizes, lifespans, and life history traits (Figure 1.1). Of the species included in the
study, only C. niger, G. agassizii, and T. carolina presently have genomes available
in the National Center for Biotechnology Information (NCBI) database (2021)
(Figure 1.1).
Chelonoidis niger, the species complex of the giant Galapagos tortoises, is
the primary species of interest as they represent the phenotype of largest and
longest lived species in the study. These tortoises can live up to 150 years and weigh
up to 200 kg [25, 26, 35]. The common box turtle (Terrapene carolina), a terrestrial
turtle found in North America, may be the second longest living species in the study
with at least one report of an individual living to 129 years old [36], although 30-40
years in captivity is more common. These turtles only weigh about 1 kg. T. carolina
are known to hibernate during the winter and can tolerate freezing of over 58
percent of their body without detrimental effects [37]. Gopherus agassizii, the desert
tortoise, is a native of the Mojave and Sonoran deserts of North America. They can
live to be 63 years old and can weigh 3.7 kg. This species is known to withstand
extreme environmental conditions from heat to freezing temperatures and high
salinity from drought, they remain inactive for most of the year to conserve water
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and maintain body temperature [38]. The Burmese star tortoise (Geochelone
platynota) is a native of the deciduous forests of Myanmar. They are critically
endangered in their natural habitats due to poaching and only recently came into
human care in captive breeding programs. Currently their lifespan is estimated at
25-30 years, but may be longer, and they can weigh about 0.85 kg. The final species
was the parrot-beaked tortoise, Homopus aerolatus, the smallest species in our study
at 0.23 kg. They are endemic to the coastal areas of southern South Africa where
the mild climate allows them to remain active year-round. Maximum lifespan for H.
aerolatus is not documented but currently estimated around 30 years.

Figure 1.1. Species overview. Species with a petri dish designates cell lines used in
this study. Other species included are a subset of testudines for which full genomes
are available. Phylogenetic tree was built with TimeTree [39]. Turtle size data comes
from Colston et al. (2020) [40] and Ernst & Barbour (1992) [41], longevity data are
from AnAge (accessed 2021) [42]. Figure also appears in Glaberman et al. (2021) [43].

1.2.2 Cell Culture

All cells were primary fibroblasts derived from either the heart (T. carolina),
trachea (G. agassizii, G. platynota, C. niger ), or eye (H. aerolatus). Turtle cells
have previously been shown to grow within a range of 23-30 °C [28, 44, 45].
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Therefore, cells were incubated at 25 °C, with 5% CO2. Cells were cultured in
Minimum Essential Medium (MEM; Gibco) with 10% fetal bovine serum (Gibco)
and 1% penicillin- streptomycin antibiotic (Gibco) in standard T75 flasks (Thermo
Fisher Scientific). Media was changed every three days. Cells were passaged before
reaching 90% confluency, approximately every 7 to 9 days. For passaging, cell plates
were rinsed with one volume of 30 °C DPBS (Gibco) and cells were detached with
0.25% Trypsin-EDTA (Gibco). It was noted that cells detached quickly with the
assistance of gentle tapping of plates and without incubation. The cell suspension
was transferred to a 15-mL conical tube (Thermo Fisher Scientific) with an equal
volume of complete media to limit trypsinization. Cells were then centrifuged at 500
x g for 5 minutes, and then the pellet was resuspended in 1 mL of complete media.
Cell viability was determined using a TC10 Automated Cell Counter (Bio-Rad
Laboratories) and was > 75% for all cell lines throughout the experiment.
1.2.3 Cytotoxic drugs

The cytotoxic drugs for this study were chosen to simulate different cell
stressors that may elicit DNA or cellular damage and thus induce an apoptotic
response. These included: etoposide (Cayman Chemical Company), which induces
single-stranded and double stranded DNA breaks [46]; paraquat (Sigma-Aldrich),
which induces oxidative stress through production of reactive oxygen species and
s-phase cell cycle arrest [20]; and tunicamycin (Cayman Chemical Company), which
induces ER stress and the unfolded protein response (UPR) by causing an
accumulation of unfolded and misfolded proteins [47, 48].
1.2.4 T. carolina drug dosage range-finding survey

To discover a drug dosage that would induce cell death, and a timeframe for
when this event occurs at those dosages, a range-finding survey was performed. The
T. carolina cells were treated with a low dose, high dose, and control (no drug) of
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each of the three experimental drugs (etoposide, paraquat, and tunicamycin). Three
6-well plates (one per drug) were seeded with 100,000 cells per well and allowed to
settle for 24 hours. The original media was aspirated and replaced with MEM
containing the respective drug dosage: two replicates of a control consisting of
DMSO or PBS, a low dose (10 µM), and a high dose (100 µM). Plates were then
observed under microscope at 6, 12, 24, and 48 hours for subjective analysis of cell
viability: dead/dying cells lose their fibroblast shape, become rounded or lyse, and
eventually detach from the plate. Percentage values were obtained through
visualization of the plates and the estimated area of the well covered by live cells.
1.2.5 Kinetic measurements of cell death

Apoptosis was chosen as the major cellular endpoint of interest because of its
central role in aging and cancer through the removal of damaged or cancerous
cells [11, 49]. To compare cellular phenotypes between the study species, each cell
line was treated with cytotoxic drugs and their apoptotic responses were measured
over time. If the large, long-lived tortoises have a unique, species specific phenotype
we would expect to see a faster response or one of larger magnitude than the other
species.
The RealTime-Glo™ Annexin V Apoptosis and Necrosis assay (RTG)
visualizes the kinetics of apoptosis over a given period of time and differentiates
secondary necrosis occurring during late apoptosis from necrosis caused by other
cytotoxic events [50]. The apoptotic process exposes phosphatidylserine (PS) on the
surface of the cell membrane, which the biomarker Annexin V binds to, creating a
luminescent signal. In late-stage apoptosis, cell membrane integrity is lost and the
cell lyses allowing the DNA-binding dye reagent to bind with free DNA and create a
fluorescent signal. This test differentiates secondary necrosis occurring during late
apoptosis from necrosis caused by other cytotoxic events.
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RTG assays were performed for each species by seeding 5,000 cells per well
into an opaque bottomed 96-well plate with three replicates per treatment per
species and one empty column with no cells (background control). Cells were left to
adhere for 24 hours, after which seeding media was aspirated off and serial dilutions
of Tunicamycin (0 µM, 10 µM, 50 µM, 100 µM), Etoposide (0 µM, 100 µM, 500
µM, 1000 µM), or Paraquat (0 µM, 100 µM, 1000 µM, 5000 µM) were applied. All
drug treatments were made using Fluorobrite DMEM (Gibco). The ”0 µM” control
treatments consisted of the drug vehicle used (DMSO or PBS) at the concentration
matching the highest drug concentration, while the background control (”NoCell”),
consisted of the drug treatment and assay reagents with no cells. As per the RTG
product protocol, the 500-fold dilution of reagents in Fluorobrite DMEM was added
to wells immediately after drug treatments were applied (effectively reducing the
initial drug dilutions in half). Readings were then taken every 30 minutes for 48
hours using a GloMax Luminometer (Promega Corporation).
The ApoTox-GloTM Assay (ATG; Promega Corporation) visualizes cell
viability, cytotoxicity, and apoptosis at a single time point, creating a dose response
curve. Viability and cytotoxicity are measured using two different protease
biomarkers. A cell-permeable substrate enters intact cells where it is cleaved,
generating a fluorescent signal, whereas a cell-impermeable substrate measures
cytotoxicity after it is cleaved by proteases released from lysed cells. Apoptosis is
measured with a luminogenic substrate that is cleaved by caspase-3/7 activated
during apoptosis.
Due to the 96-well plate layout and the number of species that could fit on a
single plate, only the four tortoise species were tested. Four replicates per species
per drug dosage were analyzed. Dilutions of each drug were created: Tunicamycin
in DMSO (0 µM control, 5 µM, 25 µM, 50 µM, 75 µM, and 100 µM), Etoposide in
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DMSO (0 µM control, 100 µM, 500 µM, 1000 µM, 2500 µM, and 5000 µM), and
Paraquat (0 µM control, 100 µM, 500 µM, 1000 µM, 2500 µM, and 5000 µM). Wells
were seeded with 10,000 cells and allowed to settle for 24 hours. Seeding media was
aspirated and drug treatments were added. Cells were left in the treatment media
for 72 hours before analysis. Plates were analyzed using a GloMax Luminometer.
1.2.6 Statistical analysis

All statistical analyses reported in this paper are estimation statistics,
including effect sizes, 95% confidence intervals (CIs) of the effect size, and P values.
Effect sizes and 95% CIs are reported as: effect size [CI width lower bound; upper
bound] with 5000 bootstrap samples; the confidence interval is bias-corrected and
accelerated. P values reported are the likelihood of observing the effect sizes if the
null hypothesis of zero difference is true. For each permutation P value, 5000
reshuffles of the control and test labels were performed [51]. All statistical analyses
were performed in RStudio [52].
1.2.7 Cell Transfection Optimization

In future research, we plan to manipulate cell lines by modifying,
overexpressing, or knocking out the gene of interest to see if it confers the same
protective phenotype possibly found in the large, long-lived tortoises. To do this, it
is important to know which transfection reagents, and at what reagent to DNA
ratio, works best for the cell lines being used. Here I transfected cells with a green
fluorescent protein to visualize if and how well transfection occurred. First attempts
at transfection used Lipofectamine LTX & Plus (Invitrogen). Lipofectamine
contains lipid subunits that form liposomes that entrap the transfection payload
and carry it through cell membranes. A pmaxGFP plasmid DNA (0.5 µg/µL) was
used to visualize transfection. The product optimization protocol for 96 well plates
was used with varying dilutions of the Lipofectamine LTX reagent in two replicates
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each of: a no reagent control, 1 µL, 1.5 µL, 2 µL, or 2.5 µL. Wells were seeded with
20,000 cells and allowed to adhere overnight. Transfection reagent/DNA mix added
and allowed to set for 24 hours per protocol then visualized with live/dead stain.
Second attempts at transfection used jetPrime transfection reagent (Polyplus).
Optimization protocol for jetPrime involved testing different ratios of DNA to
reagent dilutions (0.25:0.5, 0.25:0.75, 0.5:1, 0.5:1.5, 0.75:1.5, 0.75:2.25). Cells were
seeded in 24 well plates at 50,000 cells per well and allowed to adhere for 24 hours
then DNA:Reagent dilutions were added, only one replicate per ratio per species
and a “no treatment” control. Cells were allowed to incubate overnight then media
was changed and Live/Dead stain added and incubated for one hour. Observations
were taken at the 24 hour mark after transfection treatment and at 48 hours after
treatment.
1.2.8 NEIL 1 Comparative Genomic Analysis

The Galapagos tortoise genome was found to have a number of duplications
or alterations in genes that may play a role in aging and cancer suppression. These
genes are found in mechanisms for DNA repair and stability, metabolism, and
inflammation pathways, to name a few [29]. To elucidate a gene of interest that is
specific to giant long-lived tortoises, comparative genomics were conducted on
available testudine genomes. One such gene of interest was the NEIL1 gene, the
product of which is responsible for base excision repair in response to reactive
oxygen species (ROS) damage to DNA [34]. Quesada et al. (2019) showed a
duplication in the NEIL1 gene in giant tortoises but also in several closely related
relatives. To verify these duplications, I conducted my own comparative genomic
study. I used BLAT (BLAST-Like Alignment Tool) to search for the NEIL 1 gene in
the University of Santa Cruz (UCSC) genome browser database using the human
NEIL 1 protein sequence as an initial query [53, 54]. Currently, the only testudine
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species in the UCSC database is the painted turtle (Chrysemys picta bellii ). One
duplication of NEIL 1 was found in the C. picta genome and both sequences
matched back with the human NEIL 1 sequence when a reciprocal best BLAT was
performed. For further queries the C. picta sequence with the highest coverage
match was used. This sequence was used to BLAST against all reptile genomes
currently available in the NCBI database to check for possible duplicates across
reptiles. I also used transcriptome RNA-seq data from the Sequence Read Archive
(SRA) of NCBI to build de novo sequences using Galaxy. RNA-seq data was aligned
and mapped to the C. picta NEIL1 sequences using HISAT2 [55] and transcripts
were assembled using the StingTie [56] programs. Successfully finding duplicates in
the transcriptome data would mean that those genes were being expressed and were
functionally producing RNA, supporting the hypothesis that the duplicated gene
may convey a phenotypic difference. However, the absence of finding multiple
NEIL1 transcripts in a species that has duplications in the genome does not mean
that it is not expressed but perhaps it was not expressed in the time/conditions that
the transcriptome sample was taken. Using the RNA-seq data also allowed us to
investigate some species for which there are not whole genomes presently available
but for the same reason stated previously, the absence of multiple transcripts does
not necessarily mean that species does not carry a duplication of the gene. A
reciprocal best BLAT was then performed using the transcripts created back to the
human NEIL 1 to ensure they still mapped to the gene. A gene phylogeny was built
in Geneious (Geneious Prime 2022.0. Created by Biomatters. Available at
https://www.geneious.com) using the MUSCLE alignment program and PhyML
tree building program.
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1.3 Results

1.3.1 Turtle Cell Culture Conditions and Performance

All cell lines were maintained at the same environmental standards. Cell
viability (ratio of live to dead cells) was above 75% for all cell lines during the
experiment (Table 1.1). T. carolina and C. nigra typically reached maximum
confluency, or 90%, before other species and H. areolatus having the lowest
confluency at time of passaging. Whether this is a product of species differences or
individual cell line differences is difficult to conclude.

Table 1.1. Testudine experimental cell lines. Biopsy site is the location from which
primary fibroblast cells were derived. Average in vitro cell viability percent is over
a span of 12-14 passages depending on cell line. Cell viability was calculated as the
ratio of live cells to total cells at each passage with standard deviation.
Scientific name
Homopus areolatus
Gopherus agassizii
Geochelone platynota
Chelonoidis niger
Terrapene carolina

Common name
Parrot-beaked tortoise
Desert tortoise
Burmese star tortoise
Galápagos tortoise
Common box turtle

Family
Testudinidae
Testudinidae
Testudinidae
Testudinidae
Emydidae

Biopsy site Viability (%)
Eye
83 ± 15
Trachea
93 ± 6
Trachea
96 ± 1
Trachea
89 ± 7
Heart
91 ± 7

1.3.2 T. carolina Drug Dosage Range-Finding Survey

The initial treatments of cytotoxic drugs were observed at 6, 12, 24, and 48
hours to determine when cell death would occur. But after 48 hours, little to no cell
death had occurred in any of the drug treated cells. Control wells had continued cell
proliferation to 85%-90% coverage during this timeframe. Although cells treated
with the high dose of tunicamycin were beginning to show signs of cell death. At 72
hours the media was exchanged with higher drug treatments of etoposide and
paraquat. Tunicamycin was not re-treated as cells were dying: at 72 hours there
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was approximately 50% coverage in the low wells and 30% in the high wells; at 96
hours there was 20% in low and less than 5% in high. The new drug dosages for
paraquat was 1000 µM for low dose and 5000 µM for high dose. Due to limited
stores at the time, etoposide doses were raised to 100 µM for low dose and 1000 µM
for high dose. Paraquat appeared to have some initial die-off with cell counts
plateauing and then increasing again after the additional 48 hours at higher
dosages. Etoposide also appeared to have some initial die-off with cell counts
plateauing and remaining stable indicating some resistance to etoposide damage.
1.3.3 Turtle cells have unique responses to genotoxic and cytotoxic stress

I treated primary fibroblasts from C. niger, G. platynota, G. agassizii, H.
aerolatus, and T. carolina with drugs to induce different types of stress including:
1) tunicamycin, which induces endoplasmic reticulum (ER) stress and the unfolded
protein response (UPR) through an accumulation of unfolded and misfolded
proteins [47, 48]; 2) etoposide, which forms a ternary complex with DNA and
topoisomerase II and prevents re-ligation of replicating DNA strands leading to
single- and double-stranded DNA breaks [46]; and 3) paraquat, which causes
oxidative stress through the production of reactive oxygen species and S-phase cell
cycle arrest [20]. The kinetics of cell death were quantified using the
RealTime-GloTM Annexin V Apoptosis and Necrosis assay (RTG) every 30 minutes
for 48 hours.
I found that tunicamycin induced a dose dependent increase in apoptosis in
cells from most species (Figure 1.2). However, at 24 hrs and 25 µM, C. niger cells
had an apoptotic response that was at least double that of other species while G.
platynota cells were insensitive to tunicamycin (Figure 1.2A). In contrast etoposide
did not induce apoptosis or necrosis in cells from most species but did induce a
strong apoptotic response in G. agassizii cells (Figure 1.2B). Cells from all species
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induced apoptosis in response to paraquat treatment (Figure 1.2C) but responses
varied and no species unique response was noted. Overall, C. niger cells were more
sensitive to ER and UPR stress than other species, G. agassizii cells are more
sensitive to DNA damage induced by etoposide than other species, and cells from all
species were sensitive to oxidative stress induced by paraquat.
For the ApoTox-Glo assays the drug treatments were left to sit for 72 hours
based on slow reaction times in the range-finding survey and not based on the
reaction times noted in the RealTime-Glo kinetic assays. The ApoTox-Glo dose
response curve results (Appendix) did support the species difference responses in C.
nigra to tunicamycin (Appendix Figure A.4) and G. agassizii to etoposide
(Appendix Figure A.5) but overall it appears as if cells are dead or unresponsive at
this time point and at the higher dosages. It may be informative to run the
ApoTox-Glo test again for 24 hours instead of 72 hours, as noted in the
RealTime-Glo test, for best responses.
1.3.4 Statistical analysis

Tunicamycin (Figure 1.2A boxplots): statistical tests are relative to C. niger,
which had the strongest apoptotic response. The unpaired mean difference between
C. niger and G. platynota is -0.521 [95.0%CI -0.631, -0.408]. The P value of the
two-sided permutation t-test is 0.0. The unpaired mean difference between C. niger
and G. agassizii is -0.288 [95.0%CI -0.399, -0.193]. The P value of the two-sided
permutation t-test is 0.0. The unpaired mean difference between C. niger and H.
areolatus is -0.278 [95.0%CI -0.431, -0.124]. The P value of the two-sided
permutation t-test is 0.0. The unpaired mean difference between C. niger and T.
carolina is -0.355 [95.0%CI -0.465, -0.246]. The P value of the two-sided
permutation t-test is 0.0. n=3.
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Etoposide (Figure 1.2B boxplots): statistical tests are relative to G. agassizii,
which had the strongest apoptotic response. The unpaired mean difference between
G. agassizii and C. niger is -0.141 [95.0%CI -0.195, -0.106]. The P value of the
two-sided permutation t-test is 0.0.The unpaired mean difference between G.
agassizii and G. platynota is -0.16 [95.0%CI -0.227, -0.112]. The P value of the
two-sided permutation t-test is 0.0.The unpaired mean difference between G.
agassizii and H. areolatus is -0.16 [95.0%CI -0.227, -0.112]. The P value of the
two-sided permutation t-test is 0.0. The unpaired mean difference between G.
agassizii and T. carolina is -0.147 [95.0%CI - 0.198, -0.115]. The P value of the
two-sided permutation t-test is 0.0. n=3.
Paraquat (Figure 1.2C boxplots): statistical tests are relative to C. niger,
which had the weakest apoptotic response. The unpaired mean difference between
C. niger and G. platynota is 0.24 [95.0%CI 0.176, 0.317]. The P value of the
two-sided permutation t-test is 0.0. The unpaired mean difference between C. niger
andG. agassizii is 0.272 [95.0%CI 0.188, 0.356]. The P value of the two-sided
permutation t-test is 0.0. The unpaired mean difference between C. niger and H.
areolatus is 0.0927 [95.0%CI 0.0337, 0.169]. The P value of the two-sided
permutation t-test is 0.0. The unpaired mean difference between C. niger and T.
carolina is 0.32 [95.0%CI 0.262, 0.396]. The P value of the two-sided permutation
t-test is 0.0. n=3.
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Figure 1.2. Cells from Galápagos giant and desert tortoises have unique stress responses. (A) Left, dose response curves built from RTG data for tunicamycin (24
hours post-treatment). Right, boxplots showing differences between species 24 hours
after treatment with 25 µM tunicamycin. (B) Left, dose response curves built from
RTG data for etoposide (24 hours post-treatment). Right, boxplots showing differences between species 24 hours after treatment with 500 µM etoposide. (C) Left, dose
response curves built from RTG data for paraquat (24 hours post-treatment). Right,
boxplots showing differences between species 24 hours after treatment with 2500 µM
paraquat. Figure also appears in Glaberman et al. (2021) [43]
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1.3.5 Cell Transfection Optimization

Lipofectamine: At the 24-hour observation there were small numbers of GFP
tagged cells noted in all species, however, H. areolatus appeared the least receptive
and C. nigra had the most GFP cells present. In all cell lines it appeared that the 2
µL Lipofectamine reagent dosage performed the best but fluorescent cell numbers
were below 30% for all species. Cells were allowed to incubate in the mixture for
another 24 hours in case the reptile cell metabolism was slower to uptake the
reagent but no increase of tagged cells was noted. No strong cytotoxic effects were
noted with any reagent dosages.
jetPrime: More species-level variation and dosage variation response was
noted in the jetPrime experiment. At 24 hours after treatment all species cell lines
only had 30% or less transfected cells in all reagent/DNA dosages with H. areolatus
and G. agassizii being the least responsive and C. nigra and T. carolina being the
most responsive. After cells were allowed to incubate for another 24 hours,
transfection percentages increased. H. areolatus and G. agassizii reached a 30%
transfection rate in the 0.5:1 to 0.75:1.5 dosage range. G. platynota achieved about
40% transfection rate and favored the 0.5:1 and 0.5:1.5 dosages. C. nigra and T.
carolina performed the best achieving around 60-65% transfection rate in all dosage
ratios above 0.5:1 (Figure 1.3) although more cell death was noted at the 0.75:2.25
(highest) dosages.
Transfection rates above 60% would be considered highly efficient but high
transfection rates are often linked with high cell toxicity [57]. While most species
did not achieve a 60% transfection rate with the tested reagents, the best
recommendation from the results we do have would be to use the Polyplus jetPrime
at 0.5:1.5 DNA:reagent ratio for all cell lines. It should be noted that the cells were
incubated for 24 hours in the treatment dilution and the media was then exchanged
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with untreated media (per jetPrime protocol), yet the transfection rate increased
after another 24 hours of incubation. This could be caused by the liposomes being
taken up by the cells but due to slower metabolism the cell had not had time to
express the GFP DNA.

Figure 1.3. Image of T. carolina cells expressing pmaxGFP plasmid DNA. Successful
transfection using Polyplus jetPrime 0.5:0.15 DNA:Reagent indicated by white glowing cells in image.

1.3.6 NEIL1 duplications are not unique to large tortoises

Of the 34 species of reptiles (turtles, snakes, lizards, and crocodilians) with
whole genomes available to BLAST on NCBI, the only species that returned with
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more than one copy of NEIL1 were turtles: Chelonoidis abingdonii (C. nigra
subspecies), Gopherus agassizii, Malaclemys terrapin, and Chrysemys picta bellii.
As previously shown in Quesada et al. [29], the Galápagos tortoises were not unique
in the duplication of NEIL 1 as several turtles of smaller size also carry one or more
duplications. Within the RNA-seq data, for those species with duplications, we
found a matching number of expressed NEIL1 identifying transcripts (Figure 1.4)
which suggests these copies are functional genomic sequences and may confer some
phenotypic difference compared to species without duplications. While still of great
interest to testudine physiology, the NEIL1 duplication specifically did not support
the hypothesis that the giant tortoises have a unique genetic adaptation.
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Figure 1.4. Neil1 gene phylogeny showing species with gene duplications. Phylogony
built in Geneious with MUSCLE alignment and PhyML (maximum-likelihood) tree
building using the RNA-seq data obtained from NCBI SRA. Scale bar represents
number of nucleotide substitutions. Transcribed duplications of NEIL1 were found in
species Chrysemys picta, Malaclemys terrapin, Gopherus agassizii, and Chelonoides
abingdonii (C. nigra)
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1.4 Discussion

Reptiles in general, and turtles specifically, are an excellent system for
studying the mechanisms underlying variation in body size, lifespan, and cancer
resistance [21, 24]. Adult body size among turtle species differs by three orders of
magnitude, ranging from the speckled dwarf tortoise (Chersobius signatus; 100 g) to
Aldabra giant tortoises (A. gigantea; great than 300 kg), while longevity across
species varies from tens of years to more than 150 years in giant tortoises. Yet, even
the smallest turtles live relatively long (up to 30 years) compared to most other
vertebrates of similar sizes. Turtles also have lower estimated cancer rates ( 1.2%)
compared to mammals ( 12.5%), suggesting that they have evolved the means to
delay aging and reduce cancer susceptibility [22, 23, 58, 59]. While increased lifespan
and cancer prevalence in turtles could, in part, be due to reduced damage resulting
from their lower metabolic rates, previous genomic and cellular data suggests that
there may also be molecular differences that enable extremes in body size, longevity,
and cancer resistance [28, 29].
The work done here shows that turtle primary fibroblasts from varying
species are capable of being cultured under the same environmental conditions and
are amenable to cellular physiological assays commonly used with mammalian cells.
Functional cellular phenotyping experiments showed species differences that could
be the basis for future investigations. I found that tunicamycin, which induces ER
stress by activating the UPR and ultimately inducing apoptosis [60], causes an
immediate and pronounced apoptotic response in Galápagos giant tortoise cells,
while cells from other species were much slower to respond. These results indicate
that Galápagos giant tortoise cells have an extremely sensitive ER stress response.
In contrast, Galápagos giant tortoise cells did not exhibit a heightened apoptotic
response to paraquat and etoposide, which induce oxidative stress, DNA damage,
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and apoptosis independently of the ER stress/UPR signaling pathway [61, 62].
These data suggest that changes in the ER stress and UPR signaling pathways may
contribute to the evolution of long lifespans, large bodies, and augmented cancer
resistance in Galápagos giant tortoises.
Unexpectedly, I also found that cells from most species were unresponsive to
etoposide treatment, even at the highest dose and longest exposure time. The sole
exception was G. agassizii cells, which were similar to other species in their response
to tunicamycin and paraquat, but markedly more sensitive to etoposide treatment.
These data suggest that turtle cells can either export intra-cellular etoposide before
it can induce DNA damage, are generally insensitive to DNA damage induced by
etoposide, or can rapidly repair etoposide induced DNA damage. Regardless of
these, and potentially other mechanisms that alter sensitivity to etoposide, G.
agassizii cells respond differently than cells from the other species tested. The
functional and organismal consequences of this altered sensitivity are unclear, but
are similar to elephant cells, which have evolved to induce apoptosis at relatively low
levels of DNA damage [14, 15, 63]. This reduced threshold for induction of apoptosis
in response to cellular stress may clear cells that have been exposed to the kinds of
stresses that eventually lead to cancer before transformation into cancer cells.
Although medical literature has often portrayed high levels of apoptosis as a
maladaptive response to cellular stress contributing to aging [64, 65], previous work
in elephants showed that heightened apoptotic responses to genetic and cellular
damage can actually be an adaptive and beneficial response linked to increased
body size and longevity [14, 15, 58]. This is because rapid and effective clearance of
damaged or injured cells can help maintain tissue integrity [9, 66], especially in
organisms with many cells and large amounts of cell turnover. Thus, my results are
compatible with ER stress as a potential factor in the evolution of large, long-lived
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turtles. Further research is needed to identify the mechanisms of action at play here
and verify if they are unique to the Galápagos tortoise.

1.5 Caveats and limitations

There are several limitations to my findings that could be the subject of
future research and improvements:
• A major limitation was only having one individual to represent each species.
Some variations that occur could be caused by individual genetics, age of the
individual, or original tissue source. Having replicates from multiple
individuals in each species would increase robustness.
• I was also unable to obtain the age of source animals, which could affect
results since apoptosis can decline during senescence [11].
• The taxon sampling can be expanded to include cells from closely related
species with large differences in body size or lifespan. This would enable
better resolution in isolating the evolutionary origins of enhanced responses to
genetic and cellular stress, for example, by including the closest living relative
of Galápagos giant tortoises (Chaco tortoises; Chelonoidis chilensis).
• I relied on primary cell lines that were currently available in frozen zoos and
commercial biobanks; but future cellular work could attempt to sample fresh
cells from the same tissue type and life stage across species, however, this
would be logistically challenging.
• For many of the testudine species, especially many of the rare species, data for
longevity is difficult to find or not well substantiated. As some of these
species, like the Burmese star tortoise, begin living more closely in human care
these records may change.
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1.6 Conclusions

While numerous studies have found comparative genomic signatures
associated with the evolution of body size, longevity, and cancer resistance [30–32],
there have been few attempts to validate these findings experimentally at the
cellular level [33]. Furthermore, most previous cellular studies on these subjects
focus almost exclusively on placental mammals. The work presented here utilizes
turtle cell lines, which is much more feasible than studying body size and aging
phenotypes in these long-lived animals. This work establishes methods and
protocols for future research as well as establishing a baseline for testudine
responses in cellular stress assays. The most salient finding is that Galápagos giant
tortoises are much more sensitive to induction of apoptosis in response to ER stress
compared to other turtle species. I also found, more generally, that all turtle cell
lines were resistant to oxidative stress induced by paraquat. This supports previous
oxidative stress studies in turtles, and indicates that turles, in general, may be a
promising model system in which to study resistance to stress from long
lifespans [67]. However, while the resistance of turtle cells to oxidative stress may
contribute to the generally long lifespans of turtles, the sensitivity of Galápagos
giant tortoise cells to ER stress may increase their resistance to oncogenic
transformation thus promoting healthy aging and larger body sizes.

1.7 Data Availability

Raw data and R source code for analysis of RealTime-Glo and ApoTox-Glo
assays can be found on GitHub: https://github.com/seb1621/TortoiseLongevity.git
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APPENDICES

Appendix A
Kinetic Real Time Graphs

These graphs were produced from the readings of the Promega
RealTime-Glo™ Annexin V assays showing the kinetic apoptotic responses of five
testudine species to cytotoxic drug treatments over a 48 hour period, measurements
were taken every thirty minutes. The 24 hour time period was chosen for the paper
analysis as this appeared to be the time with the most cellular activity and diversity
of activity between the species in all three drug categories.
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Figure A.1. Tunicamycin RealTime-Glo
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Figure A.2. Etoposide RealTime-Glo

Figure A.3. Paraquat RealTime-Glo
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Appendix B
ApoTox-Glo Dose Response Curves Graphs

These graphs were created using readings for Promega ApoTox-Glo™ after 72
hours of drug interaction. This is a single time point assay as compared to the
kinetic real time assay. Tunicamycin data does support a species difference in
apoptotic response in C. nigra. And etoposide response is increased in G. agassizii
in lower doses, though all species appeared to have died at higher doses at this time
point.

Figure A.4. Tunicamycin ApoTox-Glo
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Figure A.5. Tunicamycin ApoTox-Glo

Figure A.6. Tunicamycin ApoTox-Glo
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